Background-Psychological stress is a significant risk factor for hypertension and also directly affects the immune system. We have previously reported that T lymphocytes are essential for development of hypertension and that the central nervous system contributes to peripheral T lymphocyte activation and vascular inflammation in this disease, however the role of T cell activation in stress-related hypertension remains unclear.
INTRODUCTION
Experimental and epidemiological studies have suggested that psychological stress contributes to the development of cardiovascular disease (1, 2) . In particular, evidence suggests that psychological stress may promote the development of systemic hypertension and/or predict the risk for hypertension based on blood pressure responses to acute laboratory stressors. For example, in the CARDIA (coronary artery disease risk development in young adults) study individuals who exhibited enhanced cardiovascular responses to mental stress challenges had a markedly enhanced incidence of hypertension during a 13-year follow up (3) . A meta-analysis of 6 studies involving more than 34,000 patients have confirmed these results (1) . Moreover, work-related stress and stress arising from socioeconomic disadvantage and discrimination are associated with sustained increases in blood pressure and increased risk of coronary heart disease (4, 5) . This relationship between hypertension and psychological stress has been suggested to be in part caused by increased sympathetic neural activity, which leads to increased heart rate, cardiac output and blood pressure (6) . Involvement of the sympathetic nervous system in response to acute stress is well documented, but the mechanisms by which stress contributes to sustained elevations in blood pressure over time are not well understood.
Despite extensive study, the etiology of most cases of human hypertension are unknown (7) . There is emerging evidence suggesting that inflammation, in particular the adaptive immune response, plays a significant role in the pathogenesis of hypertension (8, 9) . Recent studies from our laboratory have shown that mice lacking lymphocytes (RAG1 −/− ) are resistant to various forms of experimental hypertension and that adoptive transfer of T cells but not B cells restores their hypertensive phenotype (7, 10) . These studies have also shown that hypertensive stimuli such as angiotensin II and high salt cause T cell activation and entry of activated T cells into the peripheral blood vessels and kidney. Data from our laboratory and others have shown that these cells release pro-inflammatory cytokines that promote vasoconstriction and sodium retention leading to hypertension (10) (11) (12) (13) . This concept represents a novel paradigm underlying the pathogenesis of hypertension.
The central nervous system also contributes to hypertension, in part through autonomic regulation of blood pressure, fluid water balance and vasopressin release (14) . Early studies have shown that experimental lesioning of specific circumventricular organs of the forebrain, including the subfornical organ, the anteroventral third ventricle region involving the inferior aspects of the lateral terminalis, prevents many forms of experimental hypertension (15, 16) . Recent studies from our laboratory have further shown that these forebrain sites contribute to peripheral activation of T cells and vascular inflammation during angiotensin II-dependent hypertension (17) . Interestingly, projections from these same forebrain regions extend to sites critical to the emotional stress response, including the bed nucleus of the stria terminalis (BNST) (18, 19) .
While the immune and central nervous systems have been established to play a role in hypertension, the manner in which these interact in the setting of psychological stress to cause hypertension remains undefined. In the present study, we therefore sought to examine the roles of T cell activation and peripheral vascular inflammation in stress-dependent hypertension and to assess whether stress augments the hypertension caused by angiotensin II.
METHODS

Animals
Three month-old male C57BL/6J and RAG −/− mice, which are void of lymphocytes, were obtained from Jackson Laboratories and housed on a normal light dark cycle. All animals were on a BL6 background.
Chronic Stress Protocol
These animals were exposed to a combination of daily restraint stress and cage-switch stress for one week. Mice were divided into stressed and non-stressed groups. On each day of stress, mice were individually restrained in a well-ventilated 50 ml conical tube for 60 minutes. Immediately following this, the mice were placed in a cage, previously inhabited by another male mouse, for 30 minutes. The mice were subsequently switched to a second dirty cage for an additional 30 minutes. The order of cage switch and restraint stress was randomized to minimize habituation to the stress protocol. In total, with the combination of both stressors, mice were exposed to approximately 2 hours of stress each day and at the end of the stress protocol they were returned to their home cages. The non-stressed control group was exposed to variable daily handling. The institutional Animal Care and Use Committee at Emory University approved all of the experimental protocols.
Blood Pressure Monitoring and Angiotensin II infusion
Blood pressure was measured either invasively in freely moving animals using radiotelemetry or non-invasively using the tail cuff method as previously described (10) . When using the tail cuff method, measurements were obtained at least 16 hrs after the last stress session. When radiotelemetry was employed, the transmitters were implanted 10 days prior to the initiation of the stress protocol.
In some studies, a low dose of angiotensin II (140 ng · kg −1 · min −1 ) was infused using a 14-day osmotic minipump (Alzet, Model 2002) surgically implanted subcutaneously. This dose of angiotensin II was chosen because it causes minimal elevation in blood pressure in normal animals (20) . As a control, mice were implanted with osmotic mini pumps containing vehicle for angiotensin II. In these studies, the stress paradigm was carried out starting 7 days after mini-pump implantation through day 14. In other studies, adoptive transfer of T cells by tail vein injection into RAG-1 −/− mice was performed using methods similar to those previously described (10) . In preliminary experiments, flow cytometry was employed to confirm successful reconstitution of T cells by adoptive transfer ( Figure S2 in the Supplement). The stress paradigm was applied 3 weeks following adoptive transfer of T cells in subsequent experiments. See Figure S1 in the Supplement for schematic of experimental design used in the current study.
Behavioral Testing
The elevated plus maze consisted of two open arms and two enclosed arms arranged in a plus orientation. To begin each test, mice were placed in the center of the maze facing one of the open arms and allowed to freely explore the apparatus for five minutes, during which time their behavior was videotaped. Mice were returned to their home cage at the end of the 5 min test. The measure used for analysis was the percentage of time spent exploring the open arms, which was calculated by dividing the time spent in the open arms by the combined time spent in open and closed arm (21) .
Neurohumoral and qPCR Quantification
Plasma serum corticosterone levels were measured by radioimmunoassay by the Emory University Biomarkers Core. Blood was collected on ice with .1 mol/L ethylenediaminetetraacetic acid (EDTA), and plasma was separated in a refrigerated centrifuge and stored at −70°C. The level of paraventricular nuclei (PVN) corticotrophin releasing hormone (CRH)-mRNA was detected by relative quantitative-RT-PCR (Applied Biosystems FAST 7500). Bilateral PVN tissue punches were performed according to the Mouse Brain Atlas by Watson and Paxinos (22) (Figure 2D ). Total RNA was isolated from the PVN using Qiagen RNeasy kit. One microgram of RNA was used for reverse transcription using the Multiscribe Reverse Transcriptase kit from Applied Biosystems and cDNAs were used to determine gene expression using SYBR Green. The CRH primers were purchased from SA Biosciences, Reference Sequence No. NM 205769 and 18s house keeping control gene, Reference Sequence No. KO1364.
Fluorescence-Activated Cell Sorting (FACS) and Analysis of Cellular Inflammation
Mice were sacrificed 24 hours following the last stress period. Circulating T cells and inflammatory cells in vascular homogenates of the aorta were analyzed using FACS as previously described (10) . Antibodies (BD Biosciences) used for staining were as follows: 
Data presentation and statistical analysis
Data in the manuscript are expressed as the mean ± SEM and values of P < 0.05 were considered statistically significant. Comparisons between more than 2 groups were made using ANOVA. When differences were observed, a Bonferroni post-hoc test was employed to compare specific groups. When identical measurements were made over time, we employed 2-way repeated measures ANOVA with a Bonferroni post hoc test. When 2 groups were compared we used an unpaired two-tailed Students T test
RESULTS
The Effects of Repeated Stress on Anxiogenesis, Blood Pressure and T lymphocyte Activation and Vascular Infiltration
Mice were exposed to a combination of daily restraint stress and cage-switch stress for one week. This stress paradigm elicited an anxiogenic response as evidenced by reduced time spent in open arms of the elevated plus maze (Fig. 1A) , increased plasma corticosterone levels ( Fig. 1B ) and increased expression of CRH mRNA in the PVN (Fig. 1C) . This stress paradigm also increased blood pressure, as measured with the tail cuff procedure, by 10 mmHg (Fig. 2A , p < 0.005). These measurements were obtained 24 hours following the last stress session.
It has been previously shown that T cell activation and vascular inflammation contribute to many forms of experimental hypertension (10) (11) (12) 17) . In particular, we have found that RAG1 −/− mice are protected from various forms of experimental hypertension. Further, adoptive transfer of T cells restores their capacity to develop hypertension in response to stimuli such as angiotensin II, norepinephrine and high salt. We therefore sought to determine the role of T cells during stress-dependent hypertension. We found that animals exposed to one week of stress had a greater percent of circulating CD4+ cells that expressed the early T cell activation marker CD69 as well as the tissue homing marker CD44 high (Fig.  2B -C, p<0.001; p<0.01). Similar to our findings in other hypertensive models, the aortas of stressed mice contained increased number of CD3+ cells, suggesting that repeated daily stress contributes to vascular T cell infiltration (Fig. 2D, p <0 .05).
In comparison to wild type (WT) mice, the increase in blood pressure caused by one week of repeated stress was absent in RAG1 −/− mice (Fig. 3A) . Reconstitution of T cells into the RAG1 −/− mice by adoptive transfer restored the hypertensive response to repeated stress (Fig. 3A, p < 0.001) . These experiments indicate that T cells are required for stressdependent hypertension.
The differences in blood pressure in RAG1 −/− mice might have been related to differences in the perception of stress in these animals. To address this possibility we examined behavioral and neurohormonal indices in WT and RAG1 −/− mice. Following stress, there were no differences in time spent in open arms of the elevated plus maze test ( Fig. 3B ; p <0.05).
Moreover, corticosterone levels between the RAG1 −/− and WT mice were similar in control and stressed animals ( Fig. 3C ; p <0.05). In contrast, the level of CRH mRNA in the PVN was significantly increased by stress in WT mice but not in RAG1 −/− mice ( Fig. 3D ; p <0.05).
The Effects of Repeated Stress in Combination with a Low-Dose Infusion of Angiotensin II on Blood Pressure
The renin-angiotensin system is critical to blood pressure regulation, is involved in the stress response, and more recently has been shown to contribute to T lymphocyte activation and vascular inflammation (11, 12, 23) . To evaluate whether angiotensin II exacerbates the stressdependent elevation in blood pressure and vascular T cell infiltration, animals were infused for 14 days via osmotic mini-pump with a previously identified low pressor dose of angiotensin II (140 ng · kg −1 · min −1 ). Following 7 days of angiotensin II infusion we initiated the cage switch / restraint stress paradigm. As previously reported, (20) this low dose of angiotensin II caused only a mild elevation in blood pressure on days 7 and 14 ( Fig.  4A , p <0.01), while repeated stress markedly increased the elevation in blood pressure to angiotensin II (Fig. 4A, p <0 .001). The vehicle treated animals exposed to stress exhibited a modest increase in blood pressure following 7 days of stress, similar to our results in Figure  1A (Fig 4A) , p <0.01). We then repeated these studies using radiotelemetry to assess mean arterial blood pressure in awake and freely moving animals. These measurements confirmed that angiotensin II alone led to a mild elevation in blood pressure from baseline to day 7 through day 14. Superimposition of stress upon angiotensin II increased the daytime blood pressures during some of the initial days but returned to similar levels at the end of the stress paradigm (Fig. 4C) . Similarly stress did not appear to alter the final 24-hour blood pressure in the vehicle treated animals, although an unexpected decrease in nighttime blood pressure was observed on Day 11 (Fig. 4B) .
Prior studies have shown that hypertensive individuals have increased cardiovascular reactivity to acute stressors (24, 25) . We therefore examined the acute pressor response to cage switch stress in the stressed and angiotensin II infused animals. As shown in Figure 4D , animals exposed to repeated stress plus angiotensin II exhibited a markedly enhanced acute pressor response compared to stressed animals treated with vehicle. These data suggest that previous exposure to chronic stress and angiotensin II augments the pressor response to acute stress.
Repeated Stress in Combination with Angiotensin II Augments Vascular T lymphocyte Infiltration and CRH gene expression in the PVN
Angiotensin II affects T cell-mediated inflammation in hypertension and has anxiogenic properties that can influence behavior and the stress response (26, 27) . We therefore examined the effects of stress in the presence of a low dose infusion of angiotensin II on circulating T lymphocyte activation and vascular infiltration of these cells. As shown in Figure 5A -B, neither angiotensin II nor stress affected the percent of circulating T cells expressing CD69 or CD44. However, the number of inflammatory cells infiltrating the aorta was greater in angiotensin II-infused animals that underwent repeated stress compared to either angiotensin II alone or vehicle stress (Fig. 5C-D) (p <0.01 ). These data suggest that angiotensin II superimposed on stress markedly augments the vascular T cell infiltration and inflammation that is associated with hypertension.
Further experiments were performed to examine the role of angiotensin II on behavioral and neurohormonal responses to stress. As shown in Figure 1 these studies showed that stress reduced the amount of time in the open arms of the elevated maze. Interestingly, angiotensin II alone mimicked this effect, however there was no additional effect of angiotensin II when it was superimposed on stress (Fig. 6A ). As in figure 1 , stress increased circulating levels of corticosterone and these were not further affected by angiotensin II ( Fig. 6B ; p <0.05). CRH gene expression was increased by chronic stress and this was augmented by angiotensin II infusion ( Fig. 6C ; p <0.01). These data suggest that angiotensin II augments some, but not all, of the behavioral and central neurohormonal responses to chronic stress.
DISCUSSION
In the current study, stress-related hypertension was associated with increased activation and vascular infiltration of T cells. In line with this, the blood pressure of RAG1 −/− mice exposed to stress did not increase, but following adoptive transfer of T cells, stress-related hypertension was restored in these animals. We also showed that angiotensin II augments the anxiety, hypertension, vascular inflammation and CRH gene expression in the PVN of stressed animals. These data illustrate, for the first time, that chronic stress, angiotensin II and vascular inflammation interact to modulate hypertension.
Psychological stress can contribute to the development of hypertension and has been correlated with an excessive rise in blood pressure in patients with unstable hypertension (3, 28, 29) . To further understand this phenomenon many have utilized various rodent models of chronic stress. It is well known that acute exposure to stressors such as restraint stress and cage switch stress elicit robust transient increases in blood pressure (30, 31) . On the other hand, repeated or chronic exposure to stressors has been shown to elicit changes in baseline blood pressure in some animal models of stress but not others (32) (33) (34) (35) . These divergent blood pressure results are likely attributed to differences in the nature (physical vs social stress), duration of stressor, rodent strain as well as the compensatory mechanisms involved in maintaining blood pressure homeostasis (14, 36) . A recent review by Navailako et al., further discusses these discrepancies and provides a nice overview of studies using animal models to examine the cardiovascular responses to chronic stress (37) . Despite these differences in the literature, a very intriguing recent study has shown a possible genetic link underlying susceptibility to the development of stress-dependent hypertension in animals and humans (38) . Mice lacking the gene phosducin displayed elevated blood pressure at baseline and were more susceptible to stress-dependent elevations in blood pressure compared to wild-type controls. The authors went on to show that these effects were in part due to alterations in autonomic activity in mice with a targeted deletion of the G-protein regulator gene, phosducin. Another important factor in the genesis of stress-related hypertension most likely involves the renin-angiotensin system (26, 30, 39) . Pharmacological inhibition of the renin-angiotensin system is a common approach for the treatment of hypertension and inhibition of this pathway can reduce the effects of acute stress in rodents (40) and more recently was associated with decreased PTSD symptoms in a clinical population (41) . Low-grade systemic inflammation is also considered a contributing factor to the pathogenesis of hypertension (8, 42) as well as other stress-related conditions (43) . Therefore, the overall aim of the current study was to further elucidate the current understanding of the link between psychological stress, hypertension and inflammation.
The stress paradigm used in the present study produced significant anxiogenic effects as determined by increases in CRH gene expression in the PVN, elevated plasma corticosterone levels and decreased time spent in the open arms of the elevated plus maze. These findings are in keeping with the concept that the autonomic nervous system plays a major role in the cardiovascular and neuroendocrine responses to stress. This is likely due in part to activation of the HPA axis as we observed increased CRH mRNA in the PVN accompanied by increased corticosterone levels. Our findings are in line with the known role of CRH in the PVN activating the HPA axis, increasing autonomic outflow and modulating heart rate and blood pressure (44) . Either electrical or chemical stimulation of the PVN can increase mean arterial pressure, heart rate and sympathetic nerve activity to the kidney (45, 46) . In a more recent study, Busnardo and colleagues showed that blockade of synaptic neurotransmission in the PVN prevented the increase in blood pressure and plasma corticosterone during acute restraint stress (47) . These studies clearly indicate the importance of this pathway in the cardiovascular response to stress and have been suggested by others to be linked to the development of hypertension (48) (49) (50) .
Our studies also demonstrate that repeated stress increases T cell activation and vascular inflammation both at baseline and in response to angiotensin II. Prior studies have shown that stress can both inhibit and activate the immune system (51, 52) . T lymphocytes express primarily beta 2 adrenergic receptors and these are known to modulate T cell activation and can polarize T cells to either a Th1 or Th2 cytokine profile depending on the existing cytokine milieu (53, 54) . Other data from our laboratory have shown that hypertension is associated with T cell activation likely involving engagement of the T cell receptor and costimulatory signaling characteristic of classical T cell activation (7, 55) . Our previous data have supported the concept that modest elevations in pressure caused by angiotensin II, excessive salt or catecholamines lead to T cell activation. It is possible that repeated bouts of pressure elevation in response to episodic stress could promote T cell activation in a similar fashion. These prior studies also indicate that various hypertensive stimuli promote entry of T cells into the vasculature and kidney and release cytokines such as TNFα and IL-17, which promote vasoconstriction, sodium reabsorption and hypertension (10, 56) . The T cells activated in response to stress likely play a similar role in promoting hypertension. These findings are in agreement with studies demonstrating an activated and pro-inflammatory T cell phenotype in response to stress (43, 52, (57) (58) (59) (60) . In line with this, clinical studies have shown that hypertensive patients have a greater percentage of circulating CD3+ and CD8+ cells in response to acute mental stress compared to normotensive controls (61).
In the current study, stress not only caused a modest elevation in resting pressure but also substantially enhanced the blood pressure response to angiotensin II. There are multiple mechanisms by which stress and angiotensin II can interact. For example, angiotensin II can enhance sympathetic nerve release of catecholamines (62, 63) , stimulate renin release and promote vasoconstriction (64) . In addition, angiotensin II contributes to pro-inflammatory and pro-oxidative events (10, 65) (66) . Emotional stress can also activate the reninangiotensin system and thus increase endogenous production of angiotensin II (39, 67) . Our studies indicated that angiotensin II infusion increases blood pressure reactivity to acute stress, vascular inflammation and CRF gene expression in the PVN. These effects are likely due to direct actions of infused angiotensin II, but might also reflect stress-induced production of angiotensin II. To our knowledge this is the first study to demonstrate that psychological stress augments both the central neurohormonal stress response and the peripheral vascular inflammation in response to chronic low-dose angiotensin II infusion. Pharmacological inhibition of angiotensin II is commonly used to treat hypertension and more recently has been suggested as a treatment of emotional stress and anxiety-related disorders (40, 41) .
In addition to measuring blood pressure using the tail cuff method we also used radiotelemetry. As shown in figure 4C , these measurements confirmed that angiotensin II alone led to a mild elevation in blood pressure from baseline. However our radiotelemetry measurements did not show that stress altered the average resting blood pressure or the blood pressure response to angiotensin II. These findings therefore differ from our noninvasive measurements of blood pressure. It should be emphasized, however, that radiotelemetry measurements are made under very different conditions. Radiotelemetry measurements are obtained throughout the day in unperturbed animals while the tail cuff measurements are obtained during a brief period of restraint that could serve as an acute stressor. Our studies suggest that the chronically stressed mice may have perceived the tail cuff procedure as an additional stressor. Studies in both humans (25) and animals (68) have shown that following repeated stress, exposure to additional acute stressors elicits an exaggerated acute pressor response which has been suggested to be due to increased cardiovascular/autonomic sensitivity. In keeping with this, we found that chronically stressed mice infused with angiotensin II exhibited an exaggerated acute pressor response to cage switch stress compared to non-stress controls.
In summary, we found that repeated daily stress promotes acute increases in blood pressure leading to increased T lymphocyte activation and vascular inflammation. In response to stress, low-dose angiotensin II augments the blood pressure, vascular T cell infiltration and CRH gene expression in the PVN. These studies indicate that stress dependent hypertension can trigger a T cell-mediated inflammatory response that in turn can contribute to the development of hypertension. Overall, these data provide new insight as to how psychological stress contributes to cardiovascular disease and hypertension.
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